Abstract Aging is associated with increased cardiac interstitial fibrosis and diastolic dysfunction. Our previous study has shown that mesenchymal fibroblasts in the C57BL/6J (B6J) aging mouse heart acquire an inflammatory phenotype and produce higher levels of chemokines. Monocyte chemoattractant protein-1 (MCP-1) secreted by these aged fibroblasts promotes leukocyte uptake into the heart. Some of the monocytes that migrate into the heart polarize into M2a macrophages/myeloid fibroblasts. The number of activated mesenchymal fibroblasts also increases with age, and consequently, both sources of fibroblasts contribute to fibrosis. Here, we further investigate mechanisms by which inflammation influences activation of myeloid and mesenchymal fibroblasts and their collagen synthesis. We examined cardiac fibrosis and heart function in three aged mouse strains; we compared C57BL/6J (B6J) with two other strains that have reduced inflammation via different mechanisms. Aged C57BL/6N (B6N) hearts are protected from oxidative stress and fibroblasts derived from them do not develop an inflammatory phenotype. Likewise, these mice have preserved diastolic function. Aged MCP-1 null mice on the B6J background (MCP-1KO) are protected from elevated leukocyte infiltration; they develop moderate but reduced fibrosis and diastolic dysfunction. Based on these studies, we further delineated the role of resident versus monocyte-derived M2a macrophages in myeloid-dependent fibrosis and found that the number of monocyte-derived M2a (but not resident) macrophages correlates with age-related fibrosis and diastolic dysfunction. In conclusion, we have found that ROS and inflammatory mediators are necessary for activation of fibroblasts of both developmental origins, and prevention of either led to better functional outcomes.
Introduction
Interstitial fibrosis is a pathologic process that increases the passive stiffness of the heart and contributes significantly to impairment of diastolic function [3, 39] . Diastolic dysfunction limits the maximum exertion of healthy elders [53] and predisposes them to heart failure with preserved ejection fraction (HFpEF). This is now the most common type of heart failure for those over 65 and it has proved very challenging to ameliorate. Efforts to treat HFpEF have consistently been unrewarding in comparison with heart failure with reduced systolic function (HFrEF). In some recent studies, HFpEF now has a worse prognosis than HFrEF. Aging is one of the strongest risk factors for HFpEF, and aging is associated with interstitial fibrosis in the heart. Aging myocardium is characterized by increased collagen content, reduced elasticity, and increased hypertrophy [33, 46, 47] . Interstitial fibrosis is associated with dysregulation of resident mesenchymal fibroblasts in the aged Electronic supplementary material The online version of this article (doi:10.1007/s00395-017-0623-4) contains supplementary material, which is available to authorized users. myocardium [8] . Recently, inflammation has been implicated as a primary factor contributing to both fibrosis and HFpEF [20, 55] . In our previous reports, we have postulated that fibrosis in aging C57BL/6J (B6J) hearts depends on fibroblasts of two different developmental origins: mesenchymal and myeloid [9, 49] , and here, we present compelling evidence that inflammatory mechanisms promote fibrosis involving both cell types.
Myeloid fibroblast
Monocyte chemoattractant protein-1 (MCP-1) has been identified as a factor critical for infiltration of blood leukocytes into the tissue of young mice in injury models such as intermittent ischemia/reperfusion cardiomyopathy (I/RC) [17] and angiotensin II (Ang II) infusion [22] . In both models, monocytes (that migrated in response to MCP-1) polarize into alternatively activated M2a macrophages expressing collagen (and effectively become myeloid fibroblasts) and inflammation directly correlates with the degree of fibrosis. MCP-1 null mice (MCP-1KO) subjected to Ang II infusion do not display increased leukocyte infiltration, do not have an increased number of myeloid fibroblasts, and do not develop fibrosis [22] , which demonstrate the critical role of MCP-1 in the development of myeloid-dependent fibrosis in an acute injury model. Our current data demonstrate the importance of MCP-1 in the development of myeloid-dependent fibrosis in the aged uninjured heart that is dependent on reactive oxygen species (ROS).
Mesenchymal fibroblast
We have extensively studied cardiac fibrosis in aged B6J mice [6] that manifest a similar age-related dysfunction as the human aging heart [18] . We have shown that mesenchymal fibroblasts with age progression become dysregulated predominantly, because they develop a reduced TGF-b sensitivity due to decreased expression of TGF-b receptor I [10] . These fibroblasts become pro-inflammatory and secrete higher levels of cytokines such as MCP-1 and interleukin-6 (IL-6) among others [11] and also produce collagen type I a (Col1a) in response to a Ras-Erk pathway [8] .
The role of ROS in fibrosis
The increased expression of cytokines and collagen seen in aged B6J hearts has been attributed to elevated levels of ROS. We found that mesenchymal fibroblasts derived from old hearts display both increased levels of superoxide and elevated cytokine secretion [9] . The role of ROS in the pathology of the aging heart has been widely hypothesized and studied [13, 43] . We noted that another mouse strain, C57BL/6N (B6N), when compared with B6J, has less cardiac fibrosis and related cardiac dysfunction during aging when studied in our laboratory under identical conditions. Genetic comparisons of B6J and B6N strains show differences in coding sequences manifested as SNPs and a partial deletion of the nicotinamide nucleotide transhydrogenase (Nnt) gene [26, 42] . Nnt catalyzes the reversible reduction of nicotinamide adenine dinucleotide phosphate (NADP ? ) by reduced nicotinamide adenine dinucleotide (NADH) into reduced nicotinamide adenine dinucleotide phosphate (NADPH) and converts NADH into nicotinamide adenine dinucleotide (NAD ? ) [25] . NADPH is required to reduce glutathione and thereby decrease ROS levels [1] . A lack of functional Nnt is seen in B6J mice (as a result of a spontaneous mutation) and reduced levels of Nnt in humans with heart failure [41] may predispose them to cardiac fibrosis. However, it is unclear if aged B6N mice (with functional Nnt) can develop inflammation and fibrosis.
Here, we analyze fibrosis in three aging heart models, in which MCP-1KO and B6N hearts display diminished inflammation compared to B6J, which have a pro-inflammatory phenotype. We demonstrate that fibroblasts from two developmental origins (myeloid and mesenchymal) engage in collagen production. We provide evidence that elevated ROS levels correlate with the pro-inflammatory phenotype that drives infiltration of leukocytes into the heart. Within the infiltrating leukocyte pool, monocytes give rise to M2a alternatively polarized macrophages/ myeloid fibroblasts that participate in myeloid-dependent fibrosis.
The inflammatory mesenchymal fibroblasts in aged B6J hearts are also a source of augmented collagen synthesis that is dependent on ROS and/or inflammatory dysregulation. The cellular/histological findings are consistent with observed levels of passive stiffness (functional analysis), wherein B6J ventricles were stiffer than the ones from MCP-1KO or B6N hearts. Overall, our data suggest that inflammation can dictate the severity of interstitial fibrosis and can affect mesenchymal fibroblast activation and cardiac dysfunction.
Methods Animals
Young (3 months) C57BL6/J (#000664) male mice were purchased from The Jackson Laboratory (Bar Harbor, ME), 20-30-month-old male C57BL/6J mice were obtained from the National Institute of Aging, and 8-month-old MCP-1KO males (#004434, B6.129S4-CCL2 tm1Rol /J) were purchased from The Jackson Laboratory and aged until they were 21-24 months. MCP-1KO mice were backcrossed to the B6J background for more than 11 generations. 
IF mouse
Paraffin-embedded zinc-Tris fixed mouse heart sections were stained with the following antibodies: CD45-PE (#103106, BioLegend), collagen type 1 a (#600-401-103, Rockland Immunochemicals), CD44 (#25340, Abcam), and procollagen type 1a (# sc25973, Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by the secondary affinitypurified F(ab 0 ) 2 anti-rabbit antibody conjugated to FITC (#705-096-147, Jackson ImmunoResearch) or conjugated to DyLight 549 (#712-506-153, Jackson ImmunoResearch).
Cell isolation
Hearts were cut into 1 mm 3 pieces, digested with Liberase TH (Roche Diagnostics, Indianapolis, IN, USA), and incubated in a 37°C shaking water bath with regular trituration by pipet to obtain a single-cell suspension (all nonmyocytes). Afterwards, cells were centrifuged at 2509g for 5 min. The cell pellet was washed and then suspended in cell growth medium [5] .
Tissue culture
Cells were cultured in growth medium comprised of DMEM/F12 (1:1) (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA, USA) and 1% antibioticantimycotic (ThermoFisher Scientific). Quiescence was initiated 24 h before each experiment by switching the medium-to-low glucose DMEM without FBS.
Monocyte migration assay
Spleens were mechanically dissociated and the tissue digested with Liberase DL and DNase (Roche Diagnostics) [12] . Red cells were lysed using 19 RBC Lysis Buffer Solution (eBioscience, San Diego, CA, USA). Monocytes were enriched by negative selection using the Easy Sep Mouse Monocyte Enrichment Kit (Stem Cell Technologies, Cambridge, MA, USA). Monocytes (1 9 10 6 ) were placed within 3 lm pore cell culture inserts (Corning, Corning, NY, USA). Well below, the inserts were supplemented with or without 10 ng/ml MCP-1 (R&D Systems, Minneapolis, MN, USA). Cells that migrated through the pores were stained using crystal violet and counted.
Flow cytometry
Cells were incubated with antibodies to CD45-PECy5 (#103110, BioLegend) and CD44-PE (#ab25224, Abcam, Cambridge, MA, USA) or the appropriate isotype controls. Calcein (ThermoFisher Scientific) was added to samples to determine cell viability and we proceeded with analysis of external antigens. Cells that were analyzed for internal antigens were fixed in 2% paraformaldehyde with 0.1% saponin for 20 min at 4°C, washed, and then incubated with antibodies to collagen type 1 a (#600-401-103, Rockland Immunochemicals) or CD301-PE (#145704, BioLegend) or IgG controls. The secondary anti-rabbit antibody conjugated to fluorescein (#711-096-152, Jackson ImmunoResearch) was used for labeling intracellular collagen and cells were analyzed on a Cell Lab Quanta SC flow cytometer (Beckman Coulter). Quanta Analysis and FloJo (Ashland, OR, USA) software were used for analysis.
Superoxide anion assay
Mesenchymal fibroblasts derived from young and aged hearts were cultured in growth medium (as specified above). 24 h before assay cells were serum-starved. 5 lM MitoSOX reagent (ThermoFisher Scientific) in Hank& s balanced salt solution with calcium and magnesium was applied to cells for 10 min. Next, cells were washed, nuclei were stained with Dapi, and then, cells were immediately analyzed by fluorescence microscopy.
Protein array DMEM (ThermoFisher Scientific) (without FBS) and subsequently medium was collected 24 h later and supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (ThermoFisher Scientific). Next, the medium was concentrated using centrifugal concentrators with a 5 kDa molecular weight cutoff (Sartorius, Goettingen, Germany). 100 lg of protein was loaded onto mouse cytokine antibody array membranes (RayBiotech, Norcross, GA, USA). Membranes were processed according to the manufacturer's instructions, images were obtained using the Odyssey imaging system (Li-cor Biosciences, Lincoln, NE, USA), and densitometry was analyzed by the ImageJ software (NIH, Bethesda, MA, USA). Data are expressed as integrated pixel density normalized to positive controls and with the background subtracted.
Doppler and two-dimensional echocardiography
Anatomic and functional parameters were obtained by B-mode and M-mode echocardiography (Vevo 770; VisualSonics, Toronto, Canada) as described previously with the mice under 1% Isoflurane gas in oxygen on a heated ECG board. Transmitral and aortic flow velocity data were recorded using a 10 MHz pulsed probe and Doppler Ultrasound Model DSPW (Indus Instruments, Houston, TX, USA) as we described [6, 21] .
Parametrized diastolic filling formalism
Values for a spring model of diastolic filling were obtained as previously described by Kovacs [27] . The Mitral flow velocity envelope was used to generate velocity versus time data. We required the velocity to decrease to 50% of peak value before the start of the A wave. The values were input to MATLAB and fitted to a curve for a damped simple harmonic oscillator described by the following formula:
The fit for the E-wave was accepted when r 2 was C0.99 and values for c, k, and x 0 were obtained (h is a time offset). Five beats were used for each animal.
Statistical analysis
Results are presented as mean ± SEM. Comparison between two groups was made by an unpaired Student's t test with Welch correction. For multiple group comparison, ANOVA with Tukey-Kramer multiple comparisons test was applied. Non-parametric Anova (Kruskal-Wallis test) was applied when Barlett's test suggested that the differences among the standard deviations were significant. Differences were considered statistically significant if P \ 0.05.
Results

Leukocyte recruitment and macrophage polarization contribute to myeloid-dependent fibrosis
We examined the number of total leukocytes in the young B6J heart versus aged hearts from B6J, MCP-1KO, and B6N mice (Supplemental Figure 1A depicts the gating strategy). A flow cytometry analysis showed a 50% increase in accumulated CD45
? leukocytes in the aged B6J heart but not in other aged hearts (Fig. 1a) . There are two sources of macrophages in the heart, residents that express lower levels of CD45 (CD45 lo ) that is characteristic of resident macrophages in other organs [51] and those derived from infiltrating monocytes (CD45 hi ) [15] . Superimposed histograms showed a population of cells expressing higher levels of CD45 (CD45 hi ) that predominated in isolates from aged B6J hearts but not in the others (Fig. 1a, upper panel) . The number of CD45 hi in aged B6J increased threefold when compared with three other groups, suggesting ongoing infiltration of CD45
? leukocytes into aged B6J hearts (Fig. 1a , lower panel; Supplemental Figure 1 ). Immunofluorescence staining of heart sections from three aged models confirmed our flow cytometry data (Fig. 1b) , where we saw evenly distributed CD45
? cells in the aged B6J hearts and very few positive cells in aged MCP-1KO or B6N (in contrast to the flow cytometry data, the immunofluorescence staining of mouse ) expression of CD45 in four experimental groups. Results are represented as mean ± SEM. N = 8, 12, 7, 7 for young B6J and aged B6J, MCP-1KO, and B6N, respectively. b Immunofluorescence staining of aged mouse paraffin heart sections or c human frozen heart sections showing CD45 positive cells (red) within collagen type I deposition (green). Nuclei are stained with Dapi (blue). For mouse hearts, 21-24-month-old mice of an indicated genetic strain were used, N = 3, 2, 3 for biological repeats, and N = 3 for experimental repeats, scale bar 50 lm. For human heart N = 1 per young (21 years) and aged (75 years), N = 3 for experimental repeats, scale bar 50 lm c heart sections only detects the CD45 hi population). We found less collagen deposition in MCP-1KO hearts and very modest collagen accumulation in B6N hearts (Fig. 1b) . Similarly, the aging human heart follows what we have observed in the aged B6J heart, namely that we observed increased numbers of CD45
? cells and augmented accumulation of collagen in older healthy people compared to the young human heart (Fig. 1c) .
We have further characterized how CD45 ? cells contribute to fibrosis by analyzing the number of M2a polarized macrophages/myeloid fibroblasts (Col1a ? CD301 ? ) in aging hearts gated on CD45 lo or CD45 hi populations (see Supplemental Figure 1 for the gating strategy). Aged B6N hearts had a reduced number of myeloid fibroblasts when compared with B6J and MCP-1KO hearts (Fig. 2a) . In the aged B6J and MCP-1KO hearts, we observed more than 5-and 2.5-fold higher levels of myeloid fibroblasts that derived from infiltrating monocytes (Col1a ? CD301 ? CD45 hi ) than in young hearts (Fig. 2a) . Myeloid fibroblasts that originated from resident macrophages (Col1a ? CD301 ? CD45 lo ) were at similar levels in B6J and MCP-1KO hearts, with a trend towards reduced numbers in B6N hearts (Fig. 2a) . Not only was the number of myeloid fibroblasts greatest in aged B6J hearts, but the level of collagen expression portrayed as mean fluorescence intensity (MFI) was almost twofold higher in aged B6J than in other hearts (Fig. 2b , upper and lower panels).
As described by others, the spleen is an intermediate destination for monocytes between bone marrow and an inflamed organ [44] . Enhanced monocyte migration from the spleen to the heart has been observed in a mouse myocardial infarction model [44] . Since we have identified the increased presence of M2a polarized macrophages/ myeloid fibroblasts in the aged B6J heart, we elected to analyze spleens isolated from young and aged B6J mice. H&E staining revealed a reduced number of cells in the sub-capsular red pulp in the aged spleens (Fig. 3a) in agreement with the notion that monocytes migrated to the inflamed heart in response to an elevated expression of MCP-1, as we have reported previously [11] . Next, we analyzed the migration of splenic monocytes in response to MCP-1. We found that monocytes isolated from aged B6J spleens had augmented chemotaxis towards MCP-1 in an in vitro assay (Fig. 3b) , indicating the possibility that this may contribute to their increased presence in the heart.
The link between increased oxidative stress and an inflammatory phenotype in the aging mesenchymal fibroblasts
Mesenchymal fibroblasts derived from the aging B6J heart change their phenotype into a pro-inflammatory state and secrete higher levels of various cytokines (MCP-1 and IL-6 among them) than fibroblasts derived from young B6J hearts [11] . We further demonstrated in the in vitro assay that although MCP-1 is necessary for transendothelial migration of leukocytes, IL-6 greatly facilitated the macrophage polarization into an M2a phenotype [11] . These discoveries encouraged us to postulate that the inflammatory state of mesenchymal fibroblasts may also be driving the leukocyte infiltration [49] and subsequent fibrosis.
Since leukocyte infiltration in aged B6N hearts is very modest when compared with aged B6J hearts, fibroblast conditioned medium was assayed using a protein array. Mesenchymal fibroblasts derived from B6J hearts secrete higher levels of MCP-1 (155%) and IL-6 (570%) ( Fig. 4a ; Table 1 ) than B6N. In contrast to these two pro-inflammatory cytokines, the anti-inflammatory cytokine IL-10 was upregulated in B6N fibroblast culture medium by 60% (P \ 0.053), but the detected amount of IL-10 was low (see representative membranes, green frames, Fig. 4a ; Table 1 ).
Nnt is an enzyme that transports hydrogen to catalyze reduction of NADP ? into NADPH, which indirectly decreases ROS levels. Because Nnt is present in the aged B6N mesenchymal fibroblasts, as opposed to B6J, wherein partial gene deletion makes the Nnt protein unstable and non-functional [26] , we hypothesized that ROS production in these cells would be lower than in cells derived from aged B6J hearts. High superoxide anion levels were detected in mesenchymal fibroblasts derived from aged B6J when compared to cells isolated from young B6J hearts [9] using MitoSox. MitoSox is a fluorogenic dye which, when oxidized by superoxide anion, produces red fluorescence, as shown in Fig. 4b . We found that mesenchymal fibroblasts derived from aged B6N hearts were protected from aging-dependent increased superoxide anion production as opposed to mesenchymal fibroblasts derived from aged B6J hearts (Fig. 4b) . The production of reactive oxygen species (ROS) has been shown to contribute to transcriptional activation of several cytokines [28, 40] , which may explain the reduced secretion/production of various cytokines in mesenchymal B6N fibroblasts (Fig. 4a) .
Mesenchymal fibroblast-dependent fibrosis
We have shown previously [8] in B6J hearts that with age progression, the number of mesenchymal fibroblast precursors (CD44 ? CD45 -) increases gradually. Flow cytometry analysis of non-myocytes isolated from young (B6J) and aged (B6J, MCP-1KO, and B6N) hearts demonstrated the increased number of fibroblast precursors in aged B6J and MCP-1KO hearts by 661 and 470%, respectively, when compared with young B6J hearts ( Fig. 5a ; see Supplemental Figure 2 for the gating strategy). By contrast, in the aged B6N heart, fibroblast precursor numbers were not elevated (Fig. 5a) . Immunofluorescence of heart sections confirms the flow cytometry data (Fig. 5b) . We also examined heart sections from healthy young and elderly human donors that revealed an elevated presence of CD44 ? cells in the aging myocardium (Fig. 5c) .
Furthermore, we observed that within the CD44 ? CD45
population, more cells derived from aged B6J hearts were expressing collagen type I (68.5%) than those from all three other groups (*20%), as demonstrated in Fig. 6a, b . These data suggest that in the aging B6J hearts, an increased number of CD44 ? CD45
mesenchymal fibroblast progenitors (6% of total alive non-myocyte, Fig. 5a ) and an increased number of collagen expressing cells within that population (68%, Fig. 6b ) augment the pool of activated fibroblasts that participate in collagen synthesis. Figure 6c shows the total number of mesenchymal fibroblasts as a percent of non-myocytes in the heart (Supplemental Figure 2 shows computation pertinent to Fig. 6c) . Consistent with the flow cytometry data, there were an increased number of cells that are actively producing collagen (procollagen type 1a ? ) in the aged B6J heart (Fig. 6d) , an extension of data presented in Figs. 2b and 5b shows collagen deposition. The magnified field shows specifically CD44 ? procollagen type 1a ? double positive cells (Fig. 6d, lower panel) .
Heart function and fibrosis in the aging heart
We previously published an extensive comparison of heart function in young versus aged B6J mice [6, 33] . In the current study, we investigated cardiac fibrosis in aged mice of three different genetic strains: B6J, MCP-1KO (that are backcrossed to the B6J background), and B6N. We compared the systolic and diastolic function of aged B6J with either aged B6N or aged MCP-1KO mice. The data are shown in Supplemental Table 1 and systolic function was similar among the groups. The aged MCP-1KO mice had slightly reduced cardiac outputs, and peak velocity and fractional shortening (FS) were preserved (Supplemental Table 1 ). The left ventricular internal dimension in diastole (LVID;d) and calculated volume of the aged B6N were significantly larger than the other two groups, yet peak velocity and FS were not different from the other two old groups consistent with preserved systolic function. While we did not perform invasive studies in these aged mice in the heart, the heart rates were similar for the B6N and B6J, which allowed us to compare the E/A ratios as a marker of diastolic function. The E/A was higher for the B6N than B6J ( Fig. 7a; Supplemental Table 1 ), suggesting better preserved diastolic function. However, to insure that this was not ''pseudo-normalization'' (a manifestation of elevated pressures and a very stiff ventricle), we used the spring model suggested by Kovacs [27] . As shown in Supplemental Table 1 , the peak E filling velocities were similar, but the stiffness coefficient k was almost 30% lower in the B6N compared to the B6J, consistent with better diastolic function in the B6N ( Fig. 7b ; Supplemental Table 2 ). Similarly, the normalized left atrial size was not larger for the B6N than the B6J, supporting the absence of high filling pressures in the B6N (Supplemental Table 1 ). The MCP-1KO mice data were between the B6N and the B6J for most variables. These data suggest that decreased interstitial fibrosis as seen in the old B6N is associated with better ventricular filling and less ventricular stiffness.
Discussion
Age-associated diastolic dysfunction has multiple contributing factors, including modifications of myocardial calcium fluxes and the extent of interstitial fibrosis. We simplify this to active and passive processes, the fibrosis contributing to the passive factors. As the drivers of interstitial fibrosis seen in aging and in HFpEF become better understood, the pro-inflammatory environment of the aged animal, specifically the aged heart, seems to play a critical role in these processes. Here, we looked at the Fig. 3 Aging affects splenic monocyte migration. a Subcapsular red pulp and the marginal zone in the old (spleens) are depleted as visualized by hematoxylin and eosin staining of spleen sections (white arrows). b MCP-1-dependent migration of splenic monocytes isolated from aged mice is increased. Results are represented as mean ± SEM, *P \ 0.05. N = 3 per age group. Scale bar 100 lm. Young denotes 3 months and aged denotes 30 months aging of three models, two of which (by different mechanisms) had reduced myocardial inflammation (MCP-1KO and B6N) compared to the B6J mouse that with aging develops an inflammatory cardiac phenotype.
Cardiac recruitment of T cells, dendritic cells, and monocytes has been shown to contribute to fibrosis and heart failure [20, 36, 54] . MCP-1 is a critical cytokine responsible for chemoattraction of leukocytes into inflamed organs [14] . In the ischemia/reperfusion injury model (young mice), MCP-1 is induced only around vessels [22] , whereas in the aging heart (without injury), mesenchymal fibroblasts express high levels of this cytokine as well [6, 11] . In the injured young mouse heart [22] and in the uninjured aged heart, inflammation depends on MCP-1 expression; aged MCP-1KO hearts were protected from leukocytic infiltration (Fig. 2) . In this report, we further follow leukocytes expressing markers of macrophages to determine the number of M2a polarized macrophages/ myeloid fibroblasts. Several attempts have been made to characterize the cardiac macrophage population, either after acute injury [16, 24, 44] or during aging [38] . Some of these models use genetically labeled markers that distinguish the resident macrophage population, but that distinction in steady-state models may be more difficult, especially when characterizing resident and monocytederived macrophages separately on various genetic backgrounds. The distinction we applied between resident and newly infiltrated cells was based on the intensity of expression of the pan leukocyte marker CD45. This strategy has been successfully used before in distinguishing between both populations in injury models of the brain [51] and the heart [15] , where CD45 hi infiltrating cells give rise to monocyte-derived macrophages and CD45 lo represent resident macrophages.
When we compared the number of M2a macrophages derived from infiltrating monocytes (CD45 hi ), we found a *fivefold increase in this population in aged B6J hearts compared to young B6J, but surprisingly, MCP-1KO (that did not display an augmented infiltrating CD45 population) were not completely protected from myeloid-dependent fibrosis; the levels of M2a macrophages/myeloid fibroblasts were *2.5-fold higher than those observed in the young heart. To explain this apparent discrepancy, we examined the production of IL-6 in mesenchymal fibroblasts derived from aged B6J and MCP-1KO hearts. Previously, we have demonstrated that IL-6 greatly facilitated macrophage polarization into the M2a phenotype [11] , but plays no role in macrophage infiltration as demonstrated by Muller et al. [35] . Indeed, the analysis of fibroblasts derived from aged MCP-1KO and aged B6J hearts demonstrated a threefold increased IL-6 mRNA expression (measured by qPCR [8] ) in fibroblasts derived from the aged MCP-1KO heart, and although this difference did not reach statistical significance (2.95 ± 1.05 versus 1.00 ± 0.39, P = 0.16), it suggests a potential mechanism by which aged MCP-1KO hearts still have a pro-inflammatory environment and partially develop myeloid-dependent fibrosis. An increased macrophage infiltration in the aged B6J mouse heart has been described by others [31, 48] , and in these studies, the ratio of M1 (classically activated pro-inflammatory macrophage) to M2 alternatively activated macrophage was increased. We have found that both M1 (data not published) and M2a macrophages had an increased presence in the aging heart when compared with young controls. This partial discrepancy may be explained by the fact that we used different markers and we analyzed the M2a population, which is only a subtype of the much broader class of M2 cells. There are several pathways leading to transcriptional regulation of MCP-1 [50] and IL-6 (for review see [2] ). The IL-6$MCP-1 axis, where one cytokine enhances transcription of the other, has been postulated in macrophages [45] . However, the mechanism may be different in cardiac mesenchymal fibroblasts. We have examined transcriptional regulation of IL-6 [11] and MCP-1 (unpublished data) in cardiac mesenchymal fibroblasts and found that both cytokines in the aged B6J fibroblasts are regulated by the Erk pathway, which is in agreement with other authors [40] . Although we did not study which transcription factor was involved in this regulation, it may be possible that in the aged MCP-1KO fibroblasts, a common transcription factor that governs both IL-6 and MCP-1 transcription is abundantly available for IL-6 gene expression due to an MCP-1 null mutation, and this may explain an elevated IL-6 synthesis in MCP-1KO fibroblasts.
ROS-mediated cytokine expression has been shown in various models (for review, see [34] ). We have found that mesenchymal fibroblasts derived from B6N hearts produce markedly less ROS (Fig. 4b) , and MCP-1 and IL-6 than fibroblasts derived from aged B6J hearts (Fig. 4a) , suggesting that Nnt may play a protective role in a slowlyprogressing aging heart. This is in contrast to observations that, with injury, the young B6N heart responds more severely to stress than age-matching B6J hearts [4, 37] . Although Nnt is considered an antioxidative enzyme, in pathophysiological conditions such as pressure overload (and perhaps in others), Nnt reverses its action, and instead of generating NADPH, it depletes it to support NADH and ATP production. This results in an increase in ROS levels [37] . While it is not known how injury will affect the aged B6N heart, Nnt transcript levels are reduced in the aging B6N mouse heart [29] . The number of mesenchymal fibroblasts increases with age in B6J hearts [8] . This may prematurely deplete the existing progenitor pool and negatively influence the healing after injury such as myocardial infarction. The impaired reparative fibrosis in the aging B6J heart has been reported by our group before [7] . Here, we have demonstrated that MCP-1KO hearts (that are backcrossed to the B6J background) also display an increased number of CD44
? CD45 -progenitors, but aged B6N hearts were protected from this dysregulation. Interestingly, in MCP-1KO hearts, the total number of Col1a
? CD44 ? CD45
mesenchymal fibroblasts was also modestly increased ( Fig. 5c ) suggesting that the cross-talk between leukocytes and fibroblast progenitors is altered due to the lower number of infiltrating leukocytes [52] or because of a lack of MCP-1. MCP-1 has been shown to stimulate collagen expression directly [19] . Therefore, even though the number of myeloid fibroblasts is noticeably lower than of mesenchymal fibroblasts (20:80 ratio), our results indicate that the mesenchymal progenitor may need an input from myeloid cells to become activated and start producing collagen. In agreement, aged B6N hearts, which did not display increased leukocyte infiltration, did not exhibit an increased number of mesenchymal fibroblasts. In the B6J mouse, aging results in cardiac diastolic dysfunction that reflects altered calcium handling and increased interstitial fibrosis. In the B6N, the extent of the fibrosis is decreased and, therefore, allows us to dissect the additive factors of fibrosis and calcium handling. In the aged B6N, we saw that the E/A ratio was better, suggesting improved diastolic function ( Fig. 7a ; Supplemental Table 2 ). To test the possibility of this arising from a very stiff ventricle and increased filling pressures normalizing the velocities, we analyzed mitral filling by modeling it as a damped spring [27] . This gives a global stiffness parameter, k, which integrates geometry as well as tissue stiffness. If the aged B6N were stiffer, then the spring stiffness coefficient (k) for the aged B6N would be elevated. As shown in Fig. 7b , k was lower in the aged B6N, suggesting better diastolic function. For the aged MCP-1KO heart, the E/A ratio was not significantly higher than the aged B6J. The atrial size, corrected for the body size, may have been slightly less than that seen in the aged B6J (Supplemental Table 1 ). Overall, deletion of MCP-1 alone was not as effective as the B6N model in preventing the age-related impairment in diastolic function.
Conclusions
The purpose of this manuscript was to extend our previous work suggesting a role for reactive oxygen and inflammatory dysregulation in the production of interstitial fibrosis. Our initial studies in young mice describe the induction of the myeloid fibroblast in response to angiotensin treatment [22] or in an ischemia/reperfusion cardiomyopathy model [23] . In these acute models, the myeloid fibroblasts arose from blood monocytes and resulted in rapid onset of a fibrotic reaction. The reaction was dependent on the generation of MCP-1 and neither the infiltration nor the fibrosis occurred in mice with genetic deletion of MCP-1 (MCP-1 KO) [17, 22] . Chronic interstitial fibrosis associated with aging in the 6BJ mouse was also associated with progressive increases in MCP-1 production, generation of myeloid fibroblasts, and fibrosis (see schema Fig. 8 ). Since there was no acute inflammationinducing intervention (as seen in the acute models), we investigated the source of the inflammatory phenotype and discovered that the aging mouse had a progressive defect in TGF-b signaling resulting from reduction in TGF-b receptor I expression [9, 10] . This defect originated in the mesenchymal stem cells and was passed to the mesenchymal fibroblast progeny. The restriction in TGF-b signaling resulted in an inflammatory phenotype as manifested by increased expression of many pro-inflammatory cytokines and chemokines. It has been demonstrated that mesenchymal stem cells have anti-inflammatory properties that are beneficial in reducing organ damage in various model of injury [30, 32] , but in the aging heart, mesenchymal stem cells seem to contribute to a pro-inflammatory milieu [9] . The reduction of TGF-b signaling enhanced differentiation of mesenchymal stem cells to mesenchymal fibroblasts, and thereby increased the number of mesenchymal fibroblasts in the aged heart [8] . Thus, the dysregulated mesenchymal fibroblasts produced MCP-1, which augmented leukocyte uptake into the myocardium, and also IL-6, which was critical for generation of myeloid fibroblasts [11] . Our examinations demonstrated that this inflammatory state activated collagen synthesis via a RasErk pathway despite the reduction of TGF-b signaling (usually associated with fibrosis). The inflammatory state was also associated with a marked increase in ROS in the inflammatory fibroblasts.
The current study was designed to further examine the interaction and role of two species of fibroblasts found to be associated with cardiac fibrosis in the aging mouse (Fig. 8) . The experiments with MCP-1 deletion in B6J mice confirm a role for this chemokine in generating myeloid fibroblasts, which appear to arise mainly from the augmented infiltration of splenic monocytes (as opposed to resident macrophages). It is to be noted, however, that Fig. 8 Two-way interaction between infiltrating leukocytes and mesenchymal fibroblasts in the aging mouse heart. The dysregulated mesenchymal fibroblasts produce higher levels of ROS that promote expression of MCP-1 and IL-6. Secreted MCP-1 attracts leukocyte infiltration into the heart. Infiltrating monocytes polarize into alternatively activated M2a macrophages/myeloid fibroblasts in response to Th2 products (IL-4 and IL-13) and IL-6 (derived at least partially from dysregulated mesenchymal fibroblasts). Both types of fibroblasts (mesenchymal and myeloid) secrete collagen. Excessive collagen production by mesenchymal fibroblasts is controlled by the infiltrating leukocytes; without input from leukocytes/monocytederived macrophages, mesenchymal fibroblasts remain unactivated and do not overproduce collagen. Augmented collagen production contributes to fibrosis and diastolic dysfunction. Resident macrophages do not play an apparent role in this process while genetic deletion of MCP-1 reduced the fibrotic reaction and blunted the ventricular stiffness, it did not eliminate the pathologic response. The second model studied took advantage of the fact that the B6J mouse is deficient in Nnt as a result of a spontaneous mutation. This enzyme causes reduction of oxidative stress and is also seen to be lower in hearts from patients suffering from heart failure when compared to healthy donors [41] . By contrast, the B6N strain, from which the B6J strain spontaneously mutated, contains a functional Nnt. We found that functional Nnt markedly decreased the elevated oxidative stress with age and markedly reduced the generation of both myeloid and mesenchymal fibroblasts as well as the interstitial fibrosis. This was accompanied by substantially better diastolic function when compared to the B6J mice. Thus, pathologic fibrosis in the aging animal is associated with and involves generation and activation of two fibroblast species, both related to oxidative stress and immunoinflammatory dysregulation.
